Crustaceans must replace their old exoskeleton with a new, larger one in order to grow and differentiate. During that process a new (preexuvial) cuticle is deposited beneath the old cuticle. Since breakdown products from the old cuticle have been reported to be removed from the old cuticle and transported across the new cuticle and hypodermis into the hemolymph, the preexuvial cuticle is presumed to be permeable. However, it has also been reported that intermolt cuticle is a highly impermeable structure that prevents loss of water and ions from the cuticle to the external environment. This study was designed to determine the timing of any change in the permeability of the cuticle of the blue crab, Callinectes sapidus, from the period just preceding ecdysis through the early postmolt period. To test for any changes in permeability pilot studies were performed on pieces of dorsobranchial cuticle from late premolt (D 4 ) and early postmolt crabs (15 min, 2 h, 12 h and 18 h post-ecdysis) using 3 H 2 O and an Ussing chamber. Additional permeability studies were done monitoring the movement of p-nitrophenol (pNP) across the cuticle using a more restricted post-exuvial time course (0, 5, 10, 15 and 30 min. postecdysis) as compared to premolt cuticle. Results from these studies as well as wash-out studies using tissues pre-loaded with pNP and staining of 1 h post-molt cuticle with OsO 4 suggest that the epicuticle undergoes a transition at or soon after ecdysis that renders it impermeable to water and small molecules. While the precise mechanism for this transition is unknown, it is clear that the resultant alteration in epicuticle permeability during early post-ecdysis allows for the formation of a barrier that prevents osmotic and ionic exchange, allows for the generation of significant hydrostatic pressure, and provides a suitable microenvironment for calcification.
INTRODUCTION
Most of the crustacean exoskeleton, as typified by the intermolt dorsal carapace of decapods, is composed of four layers: the epicuticle, which is often further divided into sublayers (Compére, 1995) ; the exocuticle; the endocuticle; and the membranous layer (Travis, 1955; Green and Neff, 1972; Smith and Chang, 2007) . The hypodermis lies under this exoskeleton and is also made up of distinct layers: a simple cuboidal to columnar epithelium; its basement membrane, and a layer of sub-epithelial connective tissue (Roer and Dillaman, 1984) . Furthermore, in that region of the dorsal carapace over the branchial chamber the connective tissue layer under the hypodermis is contiguous with the basement membrane and epithelium forming the thin, uncalcified cuticle of the branchial chamber (Elliot and Dillaman, 1999) .
In order to grow, crustaceans periodically replace their exoskeleton and crawl out of their old exoskeleton (ecdysis). During premolt (or pre-ecdysis) the hypodermis separates from the old exoskeleton (apolysis) and changes from a squamous to a columnar epithelium (Roer and Dillaman, 1993) . This premolt period (stages D 0 , D 1 9, D 1 0, D 1 -, D 2 , D 3 , and D 4 ) is also when the pre-exuvial layers (the new epi-and exocuticles) are deposited beneath the old cuticle and resorption of the old cuticle begins (Skinner, 1962; Roer and Dillaman, 1984) . During the premolt period significant amounts of calcium carbonate are removed from the old cuticle and transported across the hypodermis into the hemolymph (Greenaway et al., 1995) . Following ecdysis, during postmolt (or post-ecdysis), the new epiand exocuticle calcify and the endocuticle is deposited and subsequently calcified. Intermolt is characterized by the deposition of the membranous layer, and the cessation of net calcium deposition (Roer, 1980; Roer and Dillaman, 1984) .
Several factors are necessary for calcium carbonate deposition to occur. First, the ion concentration must exceed the solubility product of calcite or aragonite (Simkiss, 1986) . This is often achieved by creating a microenvironment where the ions can become supersaturated. Secondly, organic material is deposited so as to provide nucleation sites for crystal growth as well as helping to determine the final structure and orientation of the crystals or groups of crystals. Finally, for calcification to continue, an alkaline pH must be maintained (Wilbur, 1980) . Calcium and other ions must be available and taken up by the organism to create the necessary ion concentration for calcification. The sources of the calcium are the surrounding habitat, e.g., sea water; the food supply (Roer and Dillaman, 1984) ; and calcium resorbed from the old carapace during premolt (Roer and Dillaman, 1993; Lucu, 1994) . Calcium and bicarbonate, once in the hemolymph, are transported outwardly across the hypodermis to calcify the new exoskeleton (Greenaway et al., 1995; Roer and Dillaman, 1993) . The tight junctions in the hypodermis form a potential barrier to the paracellular movement of calcium and bicarbonate, and thereby prevent ions from leaking back into the hemolymph. The apical surface of the epithelium is thus the presumed inner boundary of the JOURNAL OF CRUSTACEAN BIOLOGY, 29(4): 550-555, 2009 cuticular microenvironment in which calcification takes place. The location and establishment of the outer boundary of the microenvironment is more problematic.
During premolt, the pre-exuvial cuticle must be permeable in order for calcium and bicarbonate, resorbed from the old cuticle, to move through it and, subsequently, across the hypodermis. However, just after ecdysis the calcium must be transported back through the hypodermis to the new cuticle for calcification. To insure that this occurs without losing calcium back into the environment, a permeability barrier must be formed somewhere within the outer layers of the cuticle to create the outer boundary of the microenvironment. The formation of this microenvironment is necessary so that the transport and accumulation of ions can result in Ca 2+ and CO 3 22 concentrations that exceed the solubility product for calcium carbonate (Wilbur, 1980; Greenaway et al., 1995) .
Neither the precise structure nor the time of formation of this permeability barrier within the crab cuticle is known, but it is likely that it is located in the outer portion of the epicuticle since every structure proximal to that region mineralizes (Green and Neff, 1972; Giraud Gille et al., 2004) . In fact, evidence of mineralization is observed within the inner epicuticle and inner interprismatic septa of the exocuticle within five to six hours after ecdysis (Dillaman et al., 2005) .
Permeability barriers are also known to occur at or close to the surface of the cuticle of insects (Hadley et al., 1986) . Insect epicuticle is rich in lipids, which seem to provide the primary barrier to water loss in terrestrial insects and arachnids (Hadley, 1986 (Hadley, , 1994 Hadley et al., 1986) . Since the permeability barrier seems to be located in the epicuticle in terrestrial arthropods, and since the ultrastructure of insect epicuticle (Locke, 1976) is so similar to crustacean epicuticle (Felgenhauer, 1992; Compére, 1995) , we hypothesized that a permeability barrier would be also be located in the epicuticle of the dorsal carapace of the blue crab.
This study was designed to determine the timing of any change in the permeability of the cuticle of the blue crab, Callinectes sapidus (Rathbun, 1896) , from the period just preceding ecdysis through the early postmolt period. Both functional and morphological methods were used to locate the outer permeability barrier within the cuticle.
MATERIALS AND METHODS

Permeability Studies:
3 H 2 O Specimens of C. sapidus (males and females ranging from 9.5 to 13.0 cm in carapace width) were collected from the holding facility of Scott Rader of Wilmington, NC. The specimens were observed during the molting process and taken at various times after the molt. The moment when the crab had completely emerged from the old exoskeleton was defined as 0 min. The permeability studies were performed on ten crabs, two from each of the following times: D 4 , and at 15 min, 2 h, 12 h, and 18 h postecdysis. A piece of the dorsobranchial carapace was cut from both sides of each specimen. The pieces of the new carapace were placed into a Petri dish with crab physiological saline: 28.7 g/L NaCl, 0.91 g/L KCl, 2.16 g/L CaCl 2 *2H 2 O, 2.48 g/L MgCl 2 *6H 2 O, and 0.15 g/L NaHCO 3 (Roer, 1980) . The two pieces were trimmed around the edges to make pieces ,2 cm 2 . Using cotton swabs, the hypodermis and associated connective tissue were removed. This procedure, which we have used in numerous previous studies (Shafer et al., 1994 (Shafer et al., , 1995 , is completely effective in removing all soft tissue from the surface of the cuticle, confirmed by light and electron microscopic examination.
The carapace pieces were placed in Ussing chambers, which consist of two plastic cubes, each cube having a cylindrical well to hold a solution, and a hole from the side of the cube to the well (Fig. 1) . The pieces of cuticle were placed between the two cubes between the faces containing the hole with Sylgard washers placed between the cubes and the tissue. This configuration allowed different solutions to come in contact with specific sides of the cuticle (the hypodermal side or the external side).
For the preliminary studies conducted with 3 H 2 O, both wells of the chambers contained 4 ml crab physiological saline and stir bars. Ten ml of 3 H 2 O (1 mCi?ml
21
) were added to the hypodermal side (''inside'') well of both Ussing chambers. Duplicate aliquots of 100 ml were immediately sampled from the external side (''outside'') and placed in scintillation vials with 5 ml of ScintiSafe 30% scintillation fluid for time zero. Also, 10 ml from the ''inside'' wells were sampled in duplicate. Duplicate samples were sequentially taken from the ''outside'' wells of each chamber at 10, 20, 30, 45, and 60 min after the initial sample was taken and were replaced with crab physiological saline after each sample. Radioactivity in all of the samples was determined using a LKB Wallac 1214 Rackbeta liquid scintillation counter. Permeabilities were calculated from fluxes based on internal and external concentrations (Stein, 1986) Since it is exceedingly difficult to obtain sufficient sample size of crabs at precise times postmolt in a laboratory setting, it was necessary to conduct the permeability studies at crab shedding operations where we could obtain large numbers of ecdysial crabs that could be subsequently sampled. However, radioactive isotopes could not be used at these sites. It was necessary, therefore, to find a benign marker that could be used to determine permeability. The p-Nitrophenol is a polar molecule, water soluble, and safe to use in the field; and its concentration could be Fig. 1 . Views of the disassembled (upper) and assembled (lower) Ussing chambers used for the flux/permeability studies. Pieces of cuticle were placed between the Sylgard washers and secured in place by the threaded rods and knurled nuts. Identical solutions are placed within each well, a tracer is added to one side, and the solution on the contralateral side is sampled over time to monitor the appearance of the tracer.
accurately measured in aliquots spectrophotometrically at a later time.
While it is substantially larger than either calcium or bicarbonate ions, it was reasoned that if pNP could cross the cuticle, then either calcium or bicarbonate could as well. This reasoning was supported by the similarity in the permeability of the cuticle to pNP and water as validated with the preliminary 3 H 2 O experiments described above. Specimens of C. sapidus (males and females ranging from 9.0 to 14.5 cm in carapace width) were obtained from two different shedding operations (Phil Smith, Carolina Beach, NC and Endurance Seafood, Kill Devil Hills, NC). These studies were performed on 38 crabs taken at 0 min, 5 min, 10 min, 15 min, 30 min or 1 hr postecdysis.
The pieces of carapace were prepared as described above, and were placed in Ussing chambers. The ''outside'' wells were filled with 4 ml of saline solution. The ''inside'' wells were filled with 4 ml of 0.1 M pNP in 0.05 M Tris buffer (pH 8.1) as a marker. After 30 min, the absorbance of the solution from the ''outside'' wells was determined spectrophotometrically at 400 nm. Permeabilities were calculated as above, but using the changes in the concentrations of pNP.
Wash-out Study
In order to determine where the permeability barrier is established within the cuticle relative to the inner and outer surfaces, pieces of cuticle were saturated with pNP and the marker was allowed to diffuse out from both the distal and proximal surface. The relative amounts of pNP in the compartments on the ''inner'' vs. ''outer'' side of the permeability barrier would therefore reflect the relative volumes of these compartments and, thus, the relative placement of the barrier.
Six pieces of dorsobranchial cuticle were obtained from a crab 23 hr postmolt. The hypodermis was removed from each piece with cotton swabs. These pieces were incubated in 0.1 M pNP in 0.05 M Tris buffer (pH 8.1) for 1.25 h. Two pieces at a time were then removed and set up in two Ussing chambers with 4 ml of crab physiological saline in both wells. After 15 min, the concentration of pNP in each side of the chamber was measured at 400 nm. The concentration was converted to the total amount of pNP (in mmol) distributed to the volume of the chamber per cm 2 of cuticle area exposed to the chamber.
Specimen Preparation and Fixation
In an unrelated study on the ultrastructure of the postmolt cuticle, relatively large pieces of dorsal carapace were fixed and processed for scanning electron microscopy. In those studies, tissue pieces were fixed overnight with 2.5% glutaraldehyde in 0.2 M cacodylate buffer (pH 7.4).
Samples were then rinsed in 0.2 M cacodylate buffer for 15 min before being fixed in 0.5% osmium tetroxide in 0.2 M cacodylate buffer for 2 h. Samples were rinsed in 0.2 M cacodylate buffer for 15 min and fixed in 0.15% tannic acid in cacodylate buffer for 15 min. The tissue was rinsed in cacodylate buffer and distilled water, 15 min each, before being fixed with 2% aqueous uranyl acetate for 2 h. Samples were then dehydrated in an ascending acetone series (50%, 70%, 90%, 100%, -15 min each). Following dehydration in acetone, the tissue was placed in hexamethyldisilazone for 15 min and then air-dried on filter paper in a fume hood. Whole cuticle pieces were then viewed and photographed with a RT SPOT (Diagnostics Instruments Inc.) camera mounted on a Zeiss StemiSV6 polarizing dissecting microscope.
RESULTS
Permeability Studies:
3 H 2 O Despite the limited number of measurements using 3 H 2 O to determine permeability, the data suggested that the cuticle was only permeable in D 4 crabs (Fig. 2) . In fact all postmolt measurements indicated that the cuticle was effectively impermeable to water. When pooled, the postmolt water flux was 0.35 (mmol?cm 22 ?min 21 ), less than 1.3% of the D 4 value. These observations made clear that the sampling regime was too coarse to pinpoint the precise time of the permeability change after the molt.
Permeability Studies: p-Nitrophenol Thirty-eight crabs were studied using pNP as a marker. The cuticle was highly permeable in two of the premolt crabs (stages D 3 and D 2 ). One D 3 crab was impermeable and one D 4 had permeability comparable to the postmolt crabs. A dramatic decrease in permeability occurred following the molt (Fig. 3) . There was a high degree of variability in the ecdysial animals (0 min) that made statistical comparisons with other times difficult. However, at 60 min the cuticle was virtually impermeable (0.16 6 0.21 cm?h 21 , mean 6 s.d.) and was significantly less than that at 5 min (1.27 6 0.77 cm?h 21 ) and 15 min (1.26 6 0.78) (P , 0.02, t test).
Wash-out Study
The amount of pNP washed out from the cuticular space on each side of the permeability barrier was measured in a crab 23 h postecdysis. In this study, 81% of the total pNP washed out on the exocuticular side while 19% washed out on the epicuticular side (Fig. 4) . This showed that the barrier was located closer to the ''outside'' of the cuticle.
Differential Fixation Patterns of the Cuticle
Tissue post-fixed in osmium tetroxide is typically characterized by its uniform black appearance (Hayat, 2000) . This was the case for the D 3 cuticle samples when viewed from either the proximal (inner) (Fig. 5a ) or distal (outer) (Fig. 5b) surface. In contrast, cuticle fixed 1 h postecdysis displayed a uniform black appearance on the proximal (inner) surface (Fig. 5c) , whereas a pattern appeared on the distal (outer) surface consisting of a light-colored center region surrounded by a black perimeter (Fig. 5d) . 
DISCUSSION
Although we did not measure the permeability of the integument to physiologically relevant ions (calcium, bicarbonate, or protons) or molecules, and only conducted limited measurements of water permeability, the pnitrophenol data clearly show that there is a dramatic decrease in cuticular permeability that occurs within a discrete period at or closely following ecdysis. The time after ecdysis at which this change occurs is somewhat variable (Fig. 3) , ranging from immediate to thirty minutes; the cuticle is impermeable to p-Nitrophenol at one hour post-ecdysis. This timeframe is similar to that seen for the change in the composition of the postecdysial exocuticular glycoproteins (Shafer et al., 1994 (Shafer et al., , 1995 . The variability is likely due to our use of ecdysis as the 0-min. time point. Ecdysis is the most convenient and observable event to use as a fiduciary point. However, as anyone who has observed crabs molting is aware, the range in times from the opening of the ecdysial sutures to the emergence of the animal from the exuvia can be quite pronounced. Even when temperature, time of day, crab density, salinity and oxygenation are held constant, it is common to see the time from entering stage D 4 (sutures open) to stage E (ecdysis) take from ten minutes to an hour. We do not, at present, know either the mechanism underlying the permeability change nor the stimulus that sets these changes in motion. We can only surmise that some event during pre-ecdysis initiates the events and they conclude at times after ecdysis and are dependent upon the duration of stages D 4 and E.
These observations were supported by the different patterns of fixation of the cuticle by osmium that depended upon whether the cuticle was from a pre-or post-ecdysial crab. In stage D 3 cuticle, the osmium appeared to freely permeate the entire cuticle, as the cuticle was uniformly black whether viewed from the proximal or distal aspect.
On the other hand, by one hour postecdysis, the osmium appeared to permeate the cuticle from the proximal surface, but was excluded from entering the cuticle across the epicuticular surface. This is indicated by the lack of black staining (in all but the cut edge along the perimeter) when the tissue was viewed from the distal aspect. These observations suggest that the permeability barrier that forms during the first postecdysial hour is located at or near the outer portion of the epicuticle, specifically the cuticulin layer or surface coat (Compére, 1995) . Indeed, the impermeable, waxy outer layer of insect cuticle also tends to exclude fixatives (Lindley, 1992) .
The outer epicuticular location of the barrier is suggested by the washout studies as well. Since the position of the barrier relative to the inner and outer surfaces determines the volume of the inner and outer compartments, those volumes will be reflected in the amount of marker that diffuses out from either the inner or outer surfaces into the medium in contact with them. When the tissue was loaded with pNP, the majority of the marker washed out from the inner surface, indicating that the inner compartment volume was substantially larger than that of the outer compartment. This places the location of the barrier at or close to the outer surface of the epicuticle.
The suggestion that the epicuticle becomes a permeability barrier in intermolt individuals is not surprising considering the abundant literature on water flux in insects (Hadley, 1994) and, to a lesser extent in crustaceans (Greenaway, 1994; Pequeux, 1995) . In intermolt Uca pugilator (Bosc, 1802) , it was estimated that 86% of osmotic water influx was via the gills, and only 11% via the exoskeleton (Hannan and Evans, 1973) . It is likely that the exoskeletal fluxes are due to the penetration of the cuticle by sensory canals and tegumental glands as well as possible fluxes at the arthrodial membranes. It is interesting to note, in this regard, that the walls of the sensory canals mineralize very early in postecdysis in concert with the epicuticle and outer exocuticle (Dillaman et al., 2005) and mineralization of the canals precedes that of the endocuticle as it is formed. This observation is, likewise, consistent with the formation of a permeability barrier within the canals that also serves to define the microenvironment for calcification of both the exo-and endocuticle.
The establishment of the epicuticular permeability barrier early in post-ecdysis is not only in the dorsal carapace (as measured in the present study), but also throughout the exoskeleton, and is strongly suggested by the observation that virtually all post-ecdysial water uptake occurs via the gills and the digestive tract and not across the exoskeletal surfaces (Mykles, 1980) . A consequence of the globally impermeable exoskeleton in early postmolt is the ability of the crustaceans to establish a significant internal hydrostatic pressure that serves to expand the newly formed cuticle to its full extent prior to cuticle hardening and allows crabs to briefly employ a hydrostatic skeleton for locomotion (Taylor and Kier, 2003) .
The observations presented here suggest that the epicuticle undergoes a transition at or soon after ecdysis that renders it impermeable to water and small molecules. This is a pronounced change from the condition of the epicuticle when first elaborated during pre-ecdysis. The pre-exuvial epicuticle and exocuticle are not only permeable, but are the conduit for the pre-ecdysial resorption of mineral and organic components from the old cuticle as these move from the ecdysial fluid across the underlying hypodermis.
The fact that these changes in permeability occur in a structure that was previously deposited implies that specific enzymatic or mechanical events irreversibly alter the structural elements of the cuticle with highly precise timing. While it has been stated that crustacean postexuvial epicuticle undergoes tanning (Drach, 1935; Denelle, 1947; Neville, 1975) the timing of such an event is not known nor do we know, at present, the precise mechanism or location of such an event. However, it is clear that the resultant alteration in epicuticle permeability during early postecdysis allows the formation of a barrier that prevents osmotic and ionic exchange, allows the generation of a hydrostatic pressure, and provides a suitable microenvironment for calcification. 
